This paper has extended nonequilibrium Monte Carlo ͑MC͒ approach to simulate oscillatory shear flow in a lattice block copolymer system. Phase transition and associated rheological behaviors of multiple self-avoiding chains have been investigated. Stress tensor has been obtained based upon sampled configuration distribution functions. At low temperatures, micellar structures have been observed and the underlying frequency-dependent rheological properties exhibit different initial slopes. The simulation outputs are consistent with the experimental observations in literature. Chain deformation during oscillatory shear flow has also been revealed. Although MC simulation cannot account for hydrodynamic interaction, the highlight of our simulation approach is that it can, at small computing cost, investigate polymer chains simultaneously at different spatial scales, i.e., macroscopic rheological behaviors, mesoscopic self-assembled structures, and microscopic chain configurations.
I. INTRODUCTION
Block copolymers have received much attention over the past years due to their ability to self-assemble into various ordered microstructures. [1] [2] [3] [4] Since Bates 5 studied the rheology of 1,4-polybutadiene-1,2-polybutadiene diblock copolymers near the microphase separation temperature, the interplay between phase structures and rheological behaviors of block copolymers has been extensively studied. [5] [6] [7] [8] [9] [10] Great advances have been achieved experimentally.
Although there are mature theoretical frameworks to describe the viscoelastic properties of homopolymers, [11] [12] [13] it is still difficult to predict the rheological behaviors of inhomogeneous block copolymers theoretically. "No comprehensive molecular theory exists, which enables us to predict the rheological behavior of microphase-separated block copolymers although in the past some attempts were made in that direction." 14 Computer simulation or computer experiment has been regarded as the third research approach besides theory and experiment. 15 Cell dynamics simulation is a widely used method to explore the rheology and microdomains of block copolymers. [16] [17] [18] However, such a kind of mesoscopic methods cannot directly provide the information of chain configurations. Brownian dynamics simulation has been employed to study the behavior of a DNA molecule 19, 20 and polymer solutions 21 under shear. Nonequilibrium molecular dynamics method has been developed to examine the folding and unfolding of a single protein chain 22 in uniform and elongational flow, the structure transitions of self-associating telechelic multichains 23, 24 under an assumed spatially oscillatory velocity profile along the velocity gradient direction, and block copolymer solutions 25, 26 under simple shear flow.
To our knowledge, no one has so far developed nonequilibrium Monte Carlo ͑MC͒ method to simulate block copolymers subject to oscillatory shear flow and investigate the associated rheological behaviors, although many works have been done to study microphase separation of block copolymers via MC simulation. [27] [28] [29] [30] [31] [32] [33] [34] [35] MC simulation is a widely used stochastic simulation method. Lattice MC simulation is especially efficient as the computing cost is concerned. During the last decade, MC approach has been extended to simulate extensional flow, 36 simple shear flow, 37 and slit flow [38] [39] [40] of self-avoiding chains. In our group, oscillatory shear flow via lattice MC simulation 41 has also been introduced and investigated besides simple shear flow [42] [43] [44] and slit flow. 45 Based upon sampled configuration distribution functions ͑CDFs͒, 41, 42, 45 we further obtained shear stress tensor and thus studied underlying viscoelastisity straightforwardly. The simulation outputs were found to be consistent with experimental observations quite well. 44 Nevertheless, all of the abovementioned MC simulations of shear flow of lattice chains are related to homopolymers so far. The simulation of block copolymers subject to shear flow and associated strain-stress relation has not yet been reported.
In this paper, we extend lattice MC approach to simulate oscillatory shear flow of block copolymers and to study associated rheological behaviors for the first time. The paper is organized as follows. In Sec. II, the lattice model and velocity profile are described. In Sec. III, the rheological behavior of block copolymer solutions is examined. Conclusions are given in Sec. IV.
ϫ L z ͒ sites. Periodical boundary condition is applied in the x and z directions, whereas two hard walls are set at the ends of the y direction along the xz plane. The x , y, and z directions are defined as the flow direction, the velocity gradient direction, and the neutral direction, respectively. Single-site bond fluctuation model with the permitted bond length as 1 or ͱ 2 has been used and the microrelaxation modes include chain twisting. 28, 29 The exclude volume effect, which significantly affects the rheological property, 46 has been taken into consideration. Two beads cannot occupy the same site simultaneously. Bond cross is forbidden in any elementary movement in our simulation. A semidilute symmetric block polymer solution has been examined with occupied volume fraction 12.5%. Every block copolymer chain has eight beads with equal block length, marked as A 4 B 4 .
Pairwise nearest-neighbor ͑NN͒ and next-nearestneighbor ͑NNN͒ interactions are considered for the block copolymer solution with the total coordination number 18. Only AA attraction is considered with AA =−k B , while all the other interactions are set to zero. Metropolis importance algorithm 47 is employed in sampling. The acceptance probability is thus set as min͕1 , exp͓−⌬E / ͑k B T͔͖͒, where ⌬E is the energy difference between the try state and the old state, k B T is Boltzmann constant times absolute temperature. In this study the time t is measured in units of Monte Carlo step ͑MCS͒. One MCS means on average every bead has attempted to move once.
B. Introduction of flow field
The oscillatory shear field is introduced by the nonequilibrium MC method. It should be pointed that the hydrodynamic interaction cannot be evolved in MC simulation, whereas in some other simulations such as Brownian dynamic simulation, it can be. 48 The flow field in our MC simulation has been introduced via a biased jump rate. The jump rate is higher in the flow direction and lower in the opposite direction. While a bead with coordinate ͑x 1 , y 1 , z 1 ͒ moves to a new site ͑x 2 , y 2 , z 2 ͒, the jump rate under oscillatory shear field is defined as
where 1 / 18 is the average jump rate since in our model each bead has 18 possible neighbor sites to move, ⌫ 0 is the inputted oscillatory amplitude, y is the distance from the bead to the stagnation line lying in the middle of the velocity gradient direction and ȳ is the average of the old and new positions in an elementary movement, is oscillatory shear frequency, and ⌬x is the displacement of the selected bead moving along the flow direction ͑⌬x = 1 for a downstream jump, ⌬x = −1 for an upstream jump, and ⌬x = 0 for a perpendicular jump͒. In Eq. ͑1͒, it is ȳ instead of merely y 1 or y 2 that should be used, as indicated in our previous paper about lattice MC simulation of shear flow in 1997. 42 Such a selection is necessary to meet the requirement of the microscopic reversibility, as pointed out by Milchev et al. 49 in studies of homopolymers under simple shear by off-lattice MC simulation.
Essentially, to introduce a biased jump rate along the flow direction is, by Boltzmann probability, equivalent to introduce a pseudopotential associated to flow field as used in our previous papers. [41] [42] [43] [44] [45] In both cases, the input parameters associated with shear force or flow field should be sufficiently small to guarantee a linear dependence of output velocity profile along the velocity gradient direction. In the case of biased jump rates, the suitable ⌫ 0 y allowed in simulation should make the jump probability along an upstream elementary movement positive and meanwhile make that along a down stream elementary movement less than 1 / 9 arising from 1 / 18+ 1 / 18. When ͉y͉ max = 16 and ⌬x = ± 1, the maximum of ⌫ 0 permitted is ͑1/18͒ / 8 = 0.006 94. In this study, ⌫ 0 was fixed as 0.005 to ensure 0 Ͻ P Ͻ 1 / 9. It should be indicated that P is just the tried jump rate. The eventual jump rate is further determined by the requirements of bond connection, the excluded volume effect, and the Metropolis sampling.
III. RESULTS AND DISCUSSION

A. Flow profile
The velocity of a given layer is defined as the average displacement of all tried beads at this layer along the flow direction per MC step. The outputted velocity changes sinusoidally with MC time t MC ͓Fig. 1͑a͔͒, and at each time, is spatially proportional to the coordinate y ͓Fig. 1͑b͔͒. From the slopes in Fig. 1͑b͒ , we can get the shear rates ␥ at a given MC time. The outputted shear rate also exhibits a sinusoidal behavior ͓Fig. 1͑c͔͒. So, our simulation approach satisfies the main requirement of an oscillatory shear field.
B. Statistics of stress tensor and dynamic moduli
One advantage of our model and approach is that the macroscopic stress can be calculated by statistics of sampled CDFs. Following the work of Xu et al., 42, 44 the stress tensor of the bond-fluctuation model in the Kramers form is employed as
where and o are the total stress tensor of polymer solution and that of pure solvents; Î is the second-rank unit tensor; n p is the number of chains in the lattice system with volume V; N is the number of bead per chain; r i is the position vector of the ith bead; K is the elastic constant of the fluctuated bond spring, which is set to be 1 in this paper and will not influence the scaling behavior of shear stress and thus dynamic moduli. Once the stress tensor is known, the first and second normal stress differences N 1 , N 2 can be obtained from
The outputted shear stress surpasses the shear strain with a positive phase angle ͑Fig. 2͒, which is the basic feature of a viscoelastic fluid. From Fig. 2 , we can obtain the amplitude of shear stress o , the amplitude of shear strain ␥ o , and the mechanical loss angle ␦. The dynamic moduli are calculated as follows:
Here GЈ is the shear storage modulus and GЉ is the shear loss modulus.
C. Self-assembly and phase transition
When the block copolymer solution is cooled from the athermal state to low temperature, microphase separation happens. The system evolves from the initial homogenous state ͓Fig. 3͑a͔͒ to a micellar structure ͓Fig. 3͑b͔͒. Since only are displayed as black dots and gray dots, respectively, while the solvents are not shown. Simulated annealing has been used to obtain low-temperature states. In annealing, the inversed temperature was evenly decreased with 20 stages. 10 000 MCS were run at each stage and further 10 6 MCS at the final stage.
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AA attraction is considered, the micelles have a core mainly consisting of A blocks and a corona mainly consisting of B blocks and solvents. Microdomain structures may strongly influence rheological measurements. Simulated dynamic moduli at a low frequency under different temperatures are shown in Fig. 4 . Both storage modulus and loss modulus increase with inversed temperature. When the inversed temperature increases from 0.2 to 0.5, both the storage modulus and loss modulus undergo a continuous transition. The dramatic change is located between 1 / T = 0.3 and 0.4 during which microphase separation happens. Figure 4 also indicates an interesting low-frequency behavior that storage modulus may be larger than loss modulus at low temperature ͑large inversed tem-perature͒, whereas smaller at high temperature. So, block copolymers in selective solvents are more viscous in a homogeneous state before phase transition but more elastic in an inhomogeneous state after phase transition. Such phenomena have been found in rheological experiments of block copolymers. 10, 50, 51 Besides characterization of rheological quantities, morphological visualization can be more conveniently performed from simulation in contrast to from experiments. Straightforwardly seen from the snapshots, the system develops, with temperature lowered, from the homogeneous state ͓Fig. 3͑a͔͒, over partially inhomogeneous states ͑Fig. 4͒, to a wellformed micellar structure ͓Fig. 3͑b͔͒. This transition of the microstructure accounts for the striking change of the rheological properties.
D. Scaling change of rheological behaviors
In the studies of rheological behaviors of the block copolymer solution, the state shown in Fig. 3͑b͒ was used as the initial state. The system first relaxed at a preset temperature without shear to remove thermal history and then "measured" with oscillatory shear flow. From the statistics of the stress tensor, normal stress differences are ready to be obtained together with shear stress. A typical simulation output of block copolymer at low frequency and low temperature is shown in Fig. 5 . The first normal stress difference N 1 oscil-lates with MC time t MC reasonably in a double frequency with respect to that of shear stress, while the second normal stress difference N 2 is small. These basic behaviors have been reported in the case of homopolymers 52, 53 and are similar to our simulation outputs, but those for block copolymers have not been found in the literature so far.
The dynamic moduli at high temperature ͑1/T = 0.2͒ are presented in Fig. 6 at different reduced frequencies N . Here, N is the longest relaxation time or Rouse time of an associated self-avoiding chain with the same chain length and volume fraction but at the athermal state. N was calculated according to normal coordinate analysis 54, 55 and equals 174 MCS in our simulation. Both storage modulus GЈ and loss modulus GЉ increase reasonably with frequency. At low frequencies or the terminal zone, the scaling exponents are consistent with the prediction of Rouse theory and the simulated storage modulus GЈ is reasonably smaller than loss modulus GЉ. However, GЈ crosses over GЉ at a certain fre- FIG. 6. Frequency dependence of dynamic moduli of block copolymers at high temperature ͑1/T = 0.2͒ before the transition point. The period is from 5000 to 10 MCS. The indicated slopes come from the prediction of Rouse theory for an ideal homopolymer. N is the longest relaxation time of a single self-avoiding chain with the same chain length and volume fraction at the athermal state.
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quency. The results are similar to our previous simulation outputs of homopolymer 41 and also agree with experimental measurements. 9, 56 At high temperature, the block copolymer solution is still in the homogeneous state. So, the rheological behaviors are similar to those of homopolymers.
At low temperature ͑1/T = 0.5͒, the rheological behavior of the block copolymer solution ͑Fig. 7͒ is different from that at high temperature. Both GЈ and GЉ are larger than those at high temperature. GЈ crosses over GЉ at lower reduced frequency with x N about 0.4 for 1 / T = 0.5, while x N is about 7.3 for 1 / T = 0.2. It should be indicated that here the same N as before was used, although the relaxation time must be a function of temperature. The decrease of cross frequency might come from the increase of the underlying longest relaxation times. The calculation of Rouse time of a block copolymer chain system at a definite temperature is still not available. Just the Rouse time for a homopolymer was used in calibration ͑Figs. 6-8͒. Alternatively, we assume that the cross frequency might, in turn, afford a rough estimation of the longest relaxation time of block copolymers at self-assembly states.
More importantly, at low frequencies, the initial slopes of the dynamic moduli become smaller with deeper quench ͑Fig. 7͒. The change of initial slopes suggests that supermolecular structures due to microphase separation exist in this kind of complex fluids. The frequency dependence of dynamic moduli has been regarded as the fingerprint of different microstructures of block copolymer. According to experiments, Zhao et al. 57 have described the "fingerprints" of pure polyethylene-polyethylethylene block copolymer with different ordered microstructures. Our simulation spectrum ͑Fig. 7͒ is similar to that of the spherical microstructure.
Bates 5 has found two branches of frequency dependence of dynamic moduli in rheological studies of 1,4polybutadiene-1,2-polybutadiene diblock copolymers. The branches were thought to represent microphase-separated states and homogeneous states, and thus the temperature, at which the branches appear, was defined as the microphaseseparation temperature. The simulated storage modulus and loss modulus at different temperature are shown in Figs. 8͑a͒  and 8͑b͒ , respectively. The branches of dynamic moduli ob-served in experiments have been well reproduced in our simulation. When inversed temperature increased from 0.3 to 0.4, there is an abrupt increase of dynamic moduli at low frequencies.
E. Chain deformation and orientation
To better understand the rheology of block copolymer solutions, chain configuration and associated deformation under flow were examined. Chain behaviors under shear are not easy to detect in experiment, although some indirect techniques, for example, neutron scattering technique, 12 and fluorescence method 12, 58 have been developed. In simulation, every chain can be visualized straightforwardly, and chain behaviors of homogenous polymers under shear field have been extensively studied with MC simulation. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] 49 For block copolymers, microphase separation may strongly affect chain configuration.
A typical profile of oscillatory coil deformation is shown in Fig. 9 . The oscillatory frequency of coil deformation ͑Fig. 9͒ is double than those of shear strain and shear stress but equals to that of normal stress differences ͑Fig. 5͒. It is interesting that block A, block B, and the whole chain do not respond to the exposed oscillatory field at the same phase angle. Although block A has equal length to block B, the 
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Lattice block copolymer chains subject to oscillatory shear flow J. Chem. Phys. 122, 164901 ͑2005͒ radius of gyration of block A is much smaller than that of block B, which is consistent with the core-corona structure of micelles. Considering that the vertical coordinates for block A, block B, and the whole chain shown in Fig. 9 are different from each other, it is obvious that the whole coil size is much larger than the size summation of two blocks due to the well-known chain stretching effect in microphase separation. To describe coil shape and quantify chain orientation under shear, we employed the tensor of radius of gyration. Just the information about the x and y coordinates was examined for simplicity. The associated tensor is written as
where S x 2 and S y 2 denote the xx and yy components of the tensor of radius of gyration. As S is a symmetry matrix, it can be, by a suitable triangle matrix ⌳ , diagonalized as
͑6͒
The eigenvalues 1 and 2 correspond to the square lengths of the two principal axes. The degree of the coil anisotropy is thus described by an order parameter O defined as
with O ͓0,1͔. O = 0 and O = 1 correspond to a sphere and a rod. If the coil shape is regarded as an ellipse, the eigenvector associated with the maximum eigenvalue gives the orientation of the long axis with the orientation angle calculated directly from
At all temperatures examined, the anisotropy of block copolymer chain changes with simulation time in a oscillatory way ͑Fig. 10͒. The anisotropic degree is strongly influenced by temperature. When the inversed temperature increases from 0.3 to 0.4 around the microphase transition temperature, there is a dramatic increase of the maximum anisotropy along with a phase angle shift. After microphase transition, the chain is elongated as a result of the separation between mass center of block A and that of block B known as chain stretching effect, 31 thus the amplitude of anisotropy is increased. Our results suggest that temperature dependence of chain anisotropy might turn out to be a criterion to determine microphase-separation temperature.
The oscillatory alternation of coil orientation angle might be, highly, nonsinusoidal, as shown in Fig. 11 , with higher harmonics at low temperatures. Such an interesting phenomenon can be partly interpreted as follows: first, the dramatic change of coil orientation angle occurs usually when the order parameter is rather small and thus the coil is relatively close to a sphere ready for abrupt change of orientation angle; second, the high harmonic oscillation can be mathematically explained based on the different frequency 
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dependences of S xy , S x 2 , and S y 2 . The oscillatory frequency of S xy is the same as that of shear strain; the frequencies of S x 2 and S y 2 are, however, doubled. 41 Equation ͑8͒ can be rewritten as tan 2⌰ = A 1 sin͑t + ͒ + B 1
͑9͒
Assuming that ͉A 2 ͉ is much smaller than ͉B 2 ͉, the contribution of the double frequency of the denominator can be neglected, the orientation is mainly determined by S xy , and so the orientation angle sinusoidally changes with time. On the contrary, if A 2 cannot be neglected, higher harmonics appear. Hence, one of advantage of our simulation is that chain configuration and underlying deformation under shear can be revealed together with self-assembled structures and stressrelated rheological properties. Rheo-optical experiments to confirm our simulation are called for.
IV. CONCLUSIONS
Nonequilibrium MC simulation has been extended to simulate oscillatory shear flow of block copolymers and especially the associated rheological behaviors. Using this approach, we have studied the frequency dependence of dynamic moduli of the block copolymer solution at different temperatures. The rheological transition together with the microphase structure transition has been well reproduced. The simulation outputs such as scaling behaviors of dynamic moduli at different temperatures are consistent with experimental observations in the literature. We also have studied the chain behavior under oscillatory shear flow, and suggested that the anisotropy can be used as a criterion to locate the microphase-separation temperature. The results prove that MC simulation is a useful tool to study the rheological properties of block copolymer on different scales: macroscopic rheological behaviors, mesoscopic phase structures, and microscopic chain structures.
Besides each microstructure has its own rheological "fingerprint," 57 the shear field may alter microstructures. [59] [60] [61] [62] [63] Further studies via MC simulation are helpful to better understand the complex behaviors of various block copolymers subject to different kinds of flow fields.
